Multivariate statistical methods -principal component analysis (PCA) and hierarchical cluster analysis (HCA) -are applied to identify geochemically distinct groundwater groups in the territory of Latvia. The main processes observed to be responsible for groundwater chemical composition are carbonate and gypsum dissolution, fresh and saltwater mixing and ion exchange. On the basis of major ion concentrations, eight clusters (C1-C8) are identified. C6 is interpreted as recharge water not in equilibrium with most sediment forming minerals. Water table aquifers affected by diffuse agricultural influences are found in C3. Groundwater in C4 reflects brine or seawater admixture and gypsum dissolution in C5. C7 and C2 belong to typical bicarbonate groundwater resulting from calcite and dolomite weathering. Extremely low Cl À and SO 4 2À are observed in C8 and described as preindustrial groundwater or a solely carbonate weathering result. Finally, C1 seems to be a poorly defined subgroup resulting from mixing between other groups. This research demonstrates the validity of applying multivariate statistical methods (PCA and HCA) on major ion chemistry to distribute characteristic trace elements in each cluster even when incomplete records of trace elements are present.
INTRODUCTION
Groundwater is the most important water supply source in Latvia due to its overall good quality and sufficient quantity compared to the amount of water usage. The main processes controlling groundwater composition are water rock interaction and water mixing (Appelo & Postma ) . Yet, other factors such as diffuse agricultural pollution or extensive groundwater extraction may intensify or change the processes in natural groundwater systems (Helena ; Levins & Gosk ) . Due to natural and human induced variability in time and space the interpretation of groundwater composition can be complicated.
The most common groundwater type in the active water exchange zone is Ca-Mg-HCO 3 due to the omnipresent carbonate minerals in the Quaternary cover and the humid climate. The Ca-SO 4 groundwater is a result of gypsum dissolution and is regionally widespread. More locally, high salinity Na-Cl rich groundwater can be observed due to freshwater mixing with saltwater (Levins et al. ; Spalvins et al. ) .
Large pumping of an overlaying freshwater aquifer can cause saltwater upward intrusion (Marandi & Karro ) , which can be either naturally occurring and activated by groundwater extraction or uncharacteristic for an area. Intensive groundwater pumping started in the early 1960s until the 1990s, causing a significant change in piezometric levels in the as a drinking water source (Klimas & Apart from extensive study of trace elements in shallow groundwater in the agricultural territories (Levins & Gosk ) there is a lack of comprehensive overview of the trace elements in groundwater in Latvia. For the first time a comprehensive data set on trace element concentrations in groundwater have been made and analyzed. The main objective of this paper was to examine characteristic trace elements in each of the distributed groups and to propose an insight into major geochemical processes responsible for the evolution of each group. In this study, eight geochemically distinct groundwater groups were defined using multivariate statistical methods -principal component analysis (PCA) and hierarchical cluster analysis (HCA).
In this research, new information on baseline groundwater quality in Latvia is given which is useful for future trend assessment and related studies in the region. • stagnation zone: Ediacaran-Cambrian aquifer complex with brines;
• passive (slow) water exchange zone: lower and middle Devonian aquifer complex with brackish groundwater;
• active water exchange zone: freshwater aquifers above Narva regional aquitard.
All zones present within the study area are separated by regional aquitards. were rinsed three times using the groundwater to be sampled. Samples for cations and trace elements were acidified to pH <2. Then, all samples were stored in a field refrigerator below 4 W C until delivered to the laboratory.
METHODS

Analytical methods
Analyses of major cations and trace elements were carried out at the Faculty of Geography and Earth Sciences, University of Latvia, but analysis of major anions was carried out at the Faculty of Chemistry, University of Latvia.
Major cations Na þ and K þ were measured by flame emission spectrometry in line with ISO 9964-3:1993.
Major cations Ca 2þ and Mg 2þ were determined by atomic absorption spectrometry in line with ISO 7980:1986 using PerkinElmer atomic absorption spectrometer AAnalyst200.
Major anions (Cl À , SO 4 2À and alkalinity expressed as Trace elements Fe tot , Mn, Zn, and Cu were determined by atomic absorption spectrophotometry using a PerkinElmer atomic absorption spectrometer AAnalyst200.
Analyses of such trace elements as As, Ba, Br, Cr, Ni, Pb, Rb, Sr, and U were carried out on a benchtop total x-ray fluorescence spectrometer PicoTAX, Roentec (Berlin, Germany).
Synthetic quartz discs 30 ± 0.1 mm in diameter and 4 ± 0.1 mm thick were used as sample carriers. First, the set of sample carriers was pre-cleaned (Klockenkämper ).
After, the carriers were left to dry in glass beakers covered by Petri dishes for 24 hours or until all carriers were dry.
Second, 10 μL silicone SERVA in isopropanol solution was applied at the center of each carrier and placed in Petri dishes to dry for 48 hours. Finally, sample preparation was done by mixing 190 μL of groundwater sample with 10 μL Ga (10 mg/L Ga in 2% HNO 3 , PerkinElmer) used as internal standard in 1,500 μL safe lock tubes and homogenized using an agitator. After homogenization, 10 μL of solution was transferred onto the center of a siliconized carrier and dried on a hot plate at 60 W C covered by a Petri plate until a thin film formed. For groundwater samples with very low mineralization the last step was repeated twice (Klockenkämper ; Stosnach ; Bruker ).
All setup and calibration procedures were carried out in line with the manufacturers' instructions (Bruker ). The measuring time for each sample was 1,000 seconds. The results were processed with PICOFOX 5.1.7.1.
Data preparation for multivariate statistical analysis
In total, 1,522 groundwater analyses were collected at the beginning. Fifty-seven samples were excluded due to having incomplete records of major ions (Ca 2þ , Mg 2þ , Monjerezi et al. ; Surinaidu ) and is used in this study. 
PCA
PCA is a dimension reduction technique (Davis
RESULTS
PCA
Based on the Kaiser criterion only two PCs can be retained and have eigenvalues greater than 1 (Kaiser ). However, after a number of tests, three PCs were extracted explaining 84% of the total variance in the data set ( 
HCA
The main result of HCA is a dendrogram (Figure 3 Phenon line). However, the median groundwater chemistry (Table A1 , available with the online version of this paper) was analyzed in more detail for all eight possibly geochemically distinct clusters ( Figure 3 , the black Phenon line).
The first group consists of C1 and C3 clusters and appears to reflect bicarbonate waters with somewhat elevated Cl À and SO 4 2À loading (Table A1 ). The second group of C8, C7, and C2 clusters is Ca-Mg-HCO 3 groundwater.
The cluster C6, forming the third group, is groundwater with very low total dissolved solids (TDS) values. Finally, the fourth group formed by C5 and C4, is high mineralization Cl À or SO 4 2À dominated water. The linkage distance Variables with PC loadings greater than 0.6 are considered to be significant and are marked in bold. indicates that the samples in the fourth group formed by C5 and C4 are more distinct from other clusters, suggesting they are more geochemically distinct. The largest compositional similarity is between clusters C7 and C2. Thus, the four cluster groups do not directly reflect the PCA results. However, the examination of groundwater chemistry within clusters gave a different insight.
Likewise, the four clusters seem to be geochemically distinct by comparing the median values of major ions used in HCA and calculated TDS ( ( Table 2 .
Characteristic geochemical parameters and hydrogeological conditions of sampling locations give an insight into the possible origin of each cluster. Thus they provide enough information to find the connections between clusters and even speculate on the potential evolution path of each cluster ( Figure 6 ).
Groundwater from C6 has the lowest TDS and major ion values as well as low concentrations of the majority of trace elements (Table 2; Tables A1 and A2, available As a result, C6 can be accepted as initial water for any of the following clusters ( Figure 6 ). Both groundwater samples in C7 and C2 belong to CaMg-HCO 3 water type (Table 2 ) and are commonly observed in sandy Quaternary and upper and middle Devonian aquifers consisting of sandstone and dolomite. Samples are mainly taken from water supply wells due to overall good groundwater quality (Table A1 ). The dominance of positive PC2 and the fact that groundwater is mainly saturated with respect to calcite suggests that C7 and C2 is a result of carbonate dissolution (Cloutier et al. ) . C2 differs from C7 by greater sampling depth (Table 2) , proportionally higher major ions Na þ , K þ , and SO 4 2À concentrations (Table A1) as well as trace elements Sr, Rb, and B values (Table A2) . Strontium concentration increases along the flow path due to incongruent reactions with carbonates and can be used as residence time tracer, however, Sr also can be added from anhydrite or gypsum dissolution (Edmunds & Smedley ) . Natural B sources in groundwater are water-rock interaction (carbonate rocks and evaporates) (Karro et al. ) , therefore higher values could also be associated with longer residence time in aquifers. Low major ion and trace element concentrations as well as shallow sampling depths ( (Levins & Gosk ) . However, also the widespread Ca-Mg-HCO 3 groundwater type observed in C2, C6, and C7 was not convincingly identified in previous studies (Levins & Gosk ) . Probably the addition of trace elements and nitrogen compounds in statistical analysis overwhelmed the natural conditions. Also, the previous study (Levins & Gosk ) was concentrating on shallow quaternary groundwaters which are typically more affected by pollution than lower aquifers.
Groundwater samples from C8 have extremely low SO 4 2À and Cl À concentrations, both under 3 mg/L. High C8 is plotting slightly below the one-to-one equivalent line ( Figure 7 ) and indicates that there is an excess of (Table A2) The main processes controlling the chemistry of C4 are gypsum dissolution, groundwater mixing and ion exchange between Ca 2þ and Na þ . It can be observed that due to ion exchange the Ca 2þ amount in groundwater increases (Figure 7 ). Na-Cl rich groundwater in the study area had already been observed in previous studies (Levins & Gosk ) , however with no signs for high SO 4 2À concentrations.
The Ca-SO 4 water type groundwater is described by C5.
The dominant geochemical process is gypsum dissolution and can be justified by saturation with respect to calcite and gypsum and highest PC3 scores. All samples are located in areas with gypsum present in sediments. The characteristic trace elements (Table A2) It is found that although trace elements and nitrogen compounds were not included in the multivariate statistical analysis, their variance in groundwater is remarkably aligned to the groups identified using the major ion chemistry.
